INTRODUCTION

Meyers et al.,
1, 2 in 2007 and 2008 pioneered the first ghost image of a remote object by imaging a small toy soldier placed remotely from their setup at the Army Research Laboratory. This demonstration was the first Figure 1 . Layout for the space-time ghost-imaging experiments. A CCD collected reference field images at each time   =   and a single pixel photo-sensor measured the bucket field at a separate time   =  +∆ , where   is the time of the   measurement. The space-time "ARL" images at the top of the figure are representative results when the reference field measurements are correlated with earlier (  −    0), later (  −    0), or coincident (  −   = 0) bucket photon measurements.
ARL ARL ARL
astrophysical to microscopic scales with the potential of increased resolution, increased contrast, and mitigation of adverse effects from distorting media. Extending the remote ghost imaging practical application to a turbulent environment, Turbulence-free Ghost Imaging 3, 4 was recently proven, where turbulence has virtually no adverse effect on quantum imaging. Although the theory interpreting these quantum imaging experiments evolved from a more general approach where photons are emitted at two separate space-time points, the measurements presented in the quantum images were time coincident. In particular we ask the question, "Can quantum images be generated when the two sensors of quantum imaging make photon measurements at different times?" In this paper we present our experimental findings demonstrating that new types of space-time quantum images can be generated when the measurements of the two-photon system are separated in time as well as space.
EXPERIMENTAL SETUP
To investigate space-time quantum imaging we needed to adjust previous experiments to examine the effect of the scattering phenomena involved in thermalization on ghost imaging by adding measurements that resolve the two-photon coherence time of the system. The setup to perform the experiments is shown in Fig. 1 . It is similar to previous quantum imaging setups. [1] [2] [3] [4] [5] The setup differs in that sometimes a faster or slower charged coupled device (CCD) framing rate was implemented and sometimes a faster or slower ground glass rotation rate was used.
We performed these experiments for successive imaging frames so as to track the laser illumination rotating ground glass disturbances over the reference and target fields. The space-time quantum imaging experiments consisted of using the reference field images at each time   =   and a bucket field measured at a separate time   =  +∆ where   is the time of the   measurement. This was performed for each time separation of ∆ = − to + , where in some of our experiments  = 20. We also evaluated the time correlations in the CCD frames.
The experimental results showed that it was possible to resolve a quantum image with time separations up to twenty frames, that is ∆ = ±20 The quantum image of the "ARL" moved to the left or right of the ∆ = 0 time separation quantum image depending on whether the reference measurement was correlated with an earlier (  −    0) or later (  −    0) "bucket" measurement as depicted at the top of Fig. 1 . A detailed representation of the shifted "ARL" space-time quantum images is presented in Fig. 2 . These experiments were performed without turbulence and used a typical thermal light lensless quantum imaging setup.
1 The CCD records the secondary image of the primary quantum image 3, 4 at the reference-image arm which helps make quantum imaging practical for applications. Similar to our early experiment, 1 the light source is a typical chaotic pseudo-thermal source, which contains a laser beam and a rotating ground glass diffuser. The thermalized chaotically scattered laser beam, which has a fairly large size on the ground glass (11mm diameter) in transverse dimension, is split into two by a 50% − 50% beamsplitter (BS). One of the beams illuminates an object located at  1 , such as the letters "ARL" as shown in Fig. 1 . The scattered and reflected photons from the object are collected and counted by a "bucket" detector, which is simulated by the right-half of the CCD in Fig. 1 . The other beam propagates to the ghost image plane of  2 =  1 ' 14 and the distance from the target to the detectors is ∼ 17. Placing a CCD array on the ghost image plane, the CCD array will capture the quantum image of the object if its exposure is gated by the bucket detector.
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In this experiment the CCD array will image the target and reference planes located on a sheet of paper. The CCD is moved to a distance to view the quantum image on the glossy white paper. The scattered and reflected light from the glossy white half of the paper, which contains the spatial information for the ghost image, is then captured by the left-half of the high resolution CCD camera operating in the photon counting regime. The CCD camera is focused onto the glossy white paper at the ghost image plane and is gated by the bucket detector for the observation of the secondary quantum image. The hardware circuit and the software program are designed to monitor the outputs of the left-half and the right-half of the CCD individually, as two independent classical cameras, and simultaneously to monitor the gated output of the left-half of the CCD as a ghost camera. In the measurement, the classical image and the secondary quantum image of the object were captured and monitored simultaneously. In addition, measurements were made of the 
12 correlations between intensities deviations (fluctuations) measured at each pixel by detectors 1 and 2 and at each time which can be described by
where the  1    2  are the measured photon counts at frame , ∆ is the separation from frame . This is essentially the space-time correlation of intensity deviations (fluctuations). Also, the normalized correlation 
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∆ as a function of ∆ is given by
where
. is normalized by the standard deviations at each space-time coordinate and represents the normalized space-time correlation of intensity deviations (fluctuations).
SPACE-TIME QUANTUM IMAGING
The physics of the space-time quantum imaging follows the formulation presented by Meyers et al.
1, 2, 6 for remote ghost imaging wherein the Glauber theory 7 was adapted to our two-photon interference quantum imaging setup. A R L_ Figure 4 . Representation of two-photon detection through turbulence depiction two alternate but indistinguishable ways to produce a joint detection in the presence of turbulence.
where the negative and positive frequency fields b 
contribute at the space-time points
is the effective two-photon wavefunction (probability amplitude). Figure 3 shows bucket and reference detectors when photons are emitted by two sub-sources. Figure  4 presents a depiction of conventional turbulence-free ghost imaging where there is a phase disturbance in the photon paths such as caused by turbulence. In that case phase disturbances cancel in the  (2) due to symmetry in the wavefunction.
The quantum images depicted in this section were measured in setup given by Fig. 1 . We found that each ghost image was translated according to the value of the time separation index ∆ When played as a movie the quantum image is seen to smoothly translate across the computer screen, the amount of translation being proportional to the time separation index. The translation appeared to be consistent with the motion of the ground glass scattering centers, although the reference frame correlations were reduced to 0.023 after three frames and 0.003 after 20 frames. Figure 5 (a1, a2) presents the results of a quantum image generated with the time from coincident measurements. Our next result, Fig. 5(b1, b2) , presents quantum images of the "ARL" target produced when the time separation index ∆ = ±5. Note that the images of the "ARL" target are translated towards the left and right relative to the ∆ = 0 quantum image. These quantum images of the "ARL" target are visually slightly less distinct when compared with the "ARL" quantum image computed with ∆ = 0. We also present in Fig. 6 composite results from multiple ∆ quantum images. The left side shows the composite image produced from the sum quantum images of ∆ = 0 ±5 ±10 ±15 while the right side shows the composite sum ghost image for all of the ∆ considered in this experiment (41 images). The results as shown in the Fig. 5 demonstrate that a time separation between the bucket and reference fields gives an apparent change in location of the quantum image. In Fig. 7 we present a graph overlaid on the ∆ = 0 time index quantum image that displays the track of the "ARL" as it moves across the field of view for the non-turbulent case. Our space-time ghost imaging approach has the ability to store more quantum images in the space-time dimensions than in just the space dimensions. For example, a single ghost image may be produced by 1000 frames of data. However, 40 or more shifted quality space-time ghost images may be produced with the same size data set using our setup, which raises the information content of each photon by more than an order of magnitude. It is likely that further improvements in our space time imaging approach will raise the information content by even more orders of magnitude. Thus we have demonstrated the creation of space-time quantum ghost imaging, a new type of quantum image memory in space-time, and the storage of much more information per photon measured. The moved quantum images are in fact new images that are stored in the dynamic memory in the same quantum imaging data sets thus producing more information per photon measured than was previously realized.
CONCLUSIONS
In conclusion we have demonstrated an interesting feature of quantum imaging where the "reference" and "bucket" measurements need not be coincident in time to produce a quantum image of a remote object. The separation index ∆ = 0. This image is typical of quantum imaging where the quantum image is produced clearest individual image is the image with at ∆ = 0 but the clarity of the images separated from this central point is quite remarkable. Of further interest are the results displaying the "ARL" quantum image translation path across the field of view. We believe that this effect is related to the motion of the light scattering features of the rotating ground glass and the physics of two-photon interference. These experiments demonstrate the potential of tracking moving objects with the quantum imaging approach.
These features of quantum imaging may allow for greater adaptability and flexibility in the design and implementation of quantum imaging systems for many applications. In particular the coherence two-photon time and space scales can be explored with our quantum imaging experimental setup configuration. Furthermore, space-time quantum imaging has the potential to access orders of magnitude more information stored in the photon measurement data sets than was previously realized. This information is made accessible by a novel spacetime virtual memory process. In summary, the experiments provide a new testbed for exploring the fundamental physics of quantum imaging and suggest new pathways for quantum information storage and processing. 
